Introduction
B cells have long been regarded as merely giving rise to antibody-producing plasma cells upon antigen recognition and T cell help. In renal transplantation, donorspecific antibody (DSA) formation is undoubtedly an important aspect in the alloimmune response, resulting in inferior graft survival [1] . However, B cells possess additional features that may place them more centrally in the alloimmune response. B cells produce many cytokines, both pro-and anti-inflammatory, by which they potentially regulate immune responses [2] . In addition, B cells are potent antigen-presenting cells (APCs) that can efficiently take up alloantigen by means of their B cell receptor (BCR) [3] . These alloantigens are transported to the endosomal compartment and loaded onto major histocompatibility complex (MHC) class II molecules for presentation to T cells via the indirect pathway [4] . Uniquely, B cells are the only APCs that have the capacity to clonally expand. There is increasing evidence for an important role of B cell antigen presentation in the immune response towards solid organ transplants. For example, in a mouse model of cardiac allograft rejection, the selective absence of MHC class II on B cells resulted in prolonged graft survival [5] , whereas in a skin transplant model, the development of alloreactive memory T cells was impaired in the absence of antigen presentation by B cells [6] .
In the clinical setting, infiltration of B cells has been well described for kidney allografts undergoing chronic rejection. This can be accompanied by infiltration of several other immune cells, giving rise to the formation of ectopic lymphoid tissue [7] . The ectopic B cell clusters developing during chronic rejection have been shown to be clonal, suggesting local expansion of infiltrating B cells [8, 9] . Similarly, during acute cellular rejection, a proportion of kidney allograft recipients showed extensive B cell infiltrates in biopsies with rejection, which was associated with steroid resistance and inferior outcome [10] . As the occurrence of these infiltrates was generally not accompanied by alloantibody production, nor by C4d deposition, it is thought that the infiltrating MHC class II-positive B cells were acting as APCs for T cells [10, 11] . Others have corroborated the presence of B cells during acute cellular rejection [12] [13] [14] , probably attracted by the chemokine C-X-C motif chemokine ligand 13 (CXCL13) [11, 15] . Besides reports describing B cell infiltrates in biopsies, there are additional data supporting a role of B cells during acute cellular rejection. For example, induction therapy with the B cell-depleting agent rituximab in cross-match negative, DSA-positive kidney transplant recipients resulted not only in a decrease of acute antibody-mediated rejection, but also of T cell-mediated rejection [16] .
In the current study, we aimed to determine whether B cells infiltrate renal grafts at time of acute rejection (AR), and whether we could find evidence for the involvement of peripheral blood B cells in this process.
Materials and methods

Patients
We selected 18 kidney transplant recipients who experienced a biopsy-proven AR episode within 6 months after transplantation, as well as 22 patients with stable graft course (all transplanted between 2007 and 2011), and 20 healthy controls. Selection was based on the availability of peripheral blood samples taken before transplantation, at time of hospital discharge after transplantation and at the time of AR, prior to the initiation of anti-rejection therapy. All patients were non-immunized at time of transplantation and were transplanted with a negative complement-dependent cytotoxicity (CDC) cross-match. For the patients with stable graft function, follow-up timepoints matching the rejection time-points were selected (Table 1) . Sufficient biopsy material was available for 16 patients in the AR group [12 T cell-mediated rejection (TCMR) I, four TCMR II, according to the 2015 BANFF classification [17] ], whereas control biopsies (n = 14) were from an independent group of patients from whom a protocol biopsy or a biopsy for cause without any sign of rejection was obtained, as well as from a group of patients with acute tubular necrosis (ATN, n = 7) after transplantation. An independent validation cohort for the biopsy studies was selected and comprised 17 patients with AR and eight patients with stable graft function (Supporting information, Table S1 ).
All patients received induction therapy with a CD25 blocking antibody (either dacluzimab or basiliximab) and maintenance immunosuppression with prednisone, calcineurin inhibitor (tacrolimus or cyclosporin) and mycophenolate mofetil (MMF), as previously described [18] . Patients were treated routinely with oral (tablet) valganciclovir prophylaxis for 3 months, except in the case of a CMVnegative donor recipient combination. Patient demographics are depicted in Table 1 . Blood samples were obtained after informed consent in the context of studies performed in accordance with the Declaration of Helsinki Good Clinical Guidelines and the Declaration of Istanbul, and approved by the local medical ethics committee.
Cells
Peripheral blood mononuclear cells (PBMC) were isolated by Ficoll-Paque (LUMC Pharmacy, Leiden, the Netherlands) gradient centrifugation and stored in liquid nitrogen until further use. PBMC were thawed in the presence of DNAse to prevent clump formation. Cell yield after thawing was comparable between patient groups (mean percentage living cells, AR = 93·5%, stable patients = 90·4%, healthy controls = 90·9%, P = 0·758). B cells were isolated by negative selection using the EasySep Human B cell enrichment kit (Stem Cell Technologies, Grenoble, France), according to the manufacturer's instructions.
Biopsies
Biopsy cores for clinical indication or according protocol were obtained by percutaneous, ultrasound-guided biopsy 
HBD = heart-beating donation; NHBD = non-heart-beating donation; Tx = transplant.
Mann-Whitney U-test: age, mm, time to discharge and time after transplantation.
Fisher's exact test: transplant number, gender, donor type, graft function, cytomegalovirus (CMV); AR = acute rejection; HLA = human leucocyte antigen; HBD = heart-beating donation; NHBD = nonheart-beating donation; M/F = male/female. * Median (range). † Time-point of rejection or follow-up sample.
using an 18-gauge needle. A minimum of two cores were collected from each patient, one core of which was formalin-fixed, embedded in paraffin and used for histological and immunohistochemical analyses. The second biopsy core was immediately snap-frozen in liquid nitrogen and stored at -80°C.
Immunohistochemistry
Sequential serial sections (4 μm) of paraffin-embedded biopsy samples were dried overnight at 37 o C on Superfrost+ glass slides. After deparaffinization (xylene, decreasing concentrations of ethanol, water), blocking with 30% hydrogen peroxide and antigen retrieval with 10 mM citrate buffer (pH 6.0), the sections were incubated with antibodies directed against CD20 (clone L26; Dako, Glostrup, Denmark), immunoglobulin (Ig)D (polyclonal; Abcam, Cambridge, UK), CD3 (clone ab828; Abcam) or C4d (polyclonal; Biomedica Immunoassays, Vienna, Austria). Staining protocols have been described previously [19] . After rinsing the sections three times with phosphate-buffered saline (PBS), slides were covered with Vectashield (Vector Laboratories Ltd, Burlingame, CA, USA). Photos were taken with a Leica DM5500 at ×40 magnification. The extent of CD20 positivity was determined by using ImageJ analysis [20] , allowing calculation of the percentage of CD20 + surface area of the total biopsy area.
Gene expression analysis
Total RNA from isolated peripheral blood B cells or frozen biopsies was extracted using the NucleoSpin RNA kit (Macherey-Nagel, Düren, Germany). Biopsy RNA quality was determined using Experion RNA analysis kits with the Experion Automated Electrophoresis Station (Bio-Rad Laboratories, Veenendaal, the Netherlands). Synthesis of cDNA, primer design and quantitative polymerase chain reaction (qPCR) analysis were performed according to previously described protocols [21] . Primer sequences are depicted in Table 2 . IgG and IgM gene expression levels were determined as previously described [22] . The mRNA expression levels were normalized to the geometric mean signal of the reference genes glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and β-actin.
Flow cytometry
Flow cytometry was performed on thawed PBMC samples according to standard protocols using the following antibodies (clone): CD19 (SJ25C1), IgM (G20-127), IgD (IA6-2), CD3 (UCHT1), CD25 (M-A251) (all from BD Biosciences, Breda, the Netherlands), CD27 (CLB-CD27/1, 9F4) (Sanquin, Amsterdam, the Netherlands) and CD38 (HIT2) (eBioscience, San Diego, CA, USA) or relevant isotype controls.
B cell activation
Isolated B cells were cultured at 1 × 10 5 cells/well in 96-well round-bottomed plates (BD Falcon, Breda, the Netherlands) in Iscove's modified Dulbecco's medium (IMDM) (Gibco Invitrogen, Paisley, UK) containing 10% fetal calf serum (FCS) (Gibco Invitrogen) and supplemented with 50 μM 2-mercaptoethanol (SigmaAldrich, Zwijndrecht, the Netherlands), 2 mM L-glutamine (Gibco Invitrogen), ITS (5 μg/ml insulin, 5 μg/ml transferrin, sodium selenite 5 ng/ml (Sigma Aldrich) and 100 U/ml penicillin with 100 μg/ml streptomycin (Gibco Invitrogen). B cells were activated with 500 ng/ml of agonistic anti-CD40, 25 ng/ml of interleukin (IL)-10 (both from R&D Systems, Abingdon, UK), 100 ng/ml of IL-21 (Invitrogen), 600 IU/ml IL-2 (Proleukin, Amsterdam, the Netherlands) and 2·5 μg/ ml of ODN-2006 CpG (Hycult Biotechnology, Uden, the Netherlands), as described previously [23] . 
Immunoglobulin enzyme-linked immunospot (ELISPOT) and human leucocyte antigen (HLA) antibody detection
To quantify the number of B cells producing IgM and IgG, ELISPOT assays were performed as described previously [24] . Presence of HLA antibodies in serum samples was determined by using Lifecodes Lifescreen Deluxe kits (Immucor Transplant Diagnostics, Stamford, CT, USA). In the case of positive reactions, antibody specificity was determined by using LabScreen single antigen beads (One Lambda, Canoga, CA, USA).
Statistics
Clinical parameters were compared using the MannWhitney U-test and Fisher's exact test, where appropriate. Differences between patient groups were analysed using the Mann-Whitney U-test, and differences within patient groups at different time-points were analysed with the Wilcoxon matched-pairs signed-rank test with Bonferroni correction for multiple testing. Data were considered statistically significant if P < 0·05.
Results
Significant B cell infiltrates in biopsies of kidneys undergoing T cell-mediated AR
To determine the level of B cell infiltrates in kidney biopsies during AR, we performed immunohistochemical staining for CD20 and found B cells to be abundantly present in dense clusters in 12 of 16 acute rejection biopsies, scattered throughout the tissue in two biopsies and absent in two biopsies (representative examples depicted in Fig. 1a) . There was no difference in CD20 density between TCMR I and TCMR II rejections (P = 0·1033, data not shown). No, or only few, scattered B cells were found in protocol biopsies (median CD20 + staining area 2·82% for AR biopsies versus 0·19% for protocol biopsies, P = 0·0008, Fig. 1b) .
To confirm our immunohistochemistry data, we assessed CD19 and MS4A1 (encoding for CD20) gene expression levels in the biopsies (frozen biopsy samples available for seven AR patients and nine patients with stable function). For this analysis, we included seven biopsies showing ATN as an additional control group without immune-mediated graft damage. We observed significantly higher CD19 gene expression levels in the AR group compared to the protocol biopsy group (P = 0·0012) and the ATN group (P = 0·0012, Fig. 1c ), confirming our immunohistochemical data. Similar differences were found for MS4A1 (P = 0·0021 and P = 0·0041, respectively). CD20 protein expression and MS4A1 gene expression were correlated (Spearman's ρ = 0·65, P = 0·04, data not shown). We did not observe any difference in either CD19 or MS4A1 gene expression in TCMR I and TCMR II rejections (P = 0·8571, data not shown). We further validated our immunohistochemical and qPCR findings in a second, independent group of kidney transplant recipients, and found a similar, albeit slightly less pronounced increase in CD20 + staining area and MS4A1 mRNA expression in AR biopsies compared to controls (Supporting information, Fig. S1 ).
To gain more insight into the quality of the B cell infiltrates during AR we performed simultaneous immunofluorescent staining for CD20 and IgD. Naive B cells are positive for both markers, whereas memory B are positive only for CD20. Representative examples are shown in Fig. 1d . The majority of B cells found in kidney biopsies during AR were CD20 single-positive -, implying a memory phenotype. Unfortunately, corroboration of the memory phenotype by staining for CD27 was unsuccessful, due to high expression of this marker by surrounding T cells.
Phenotypical changes in the peripheral B cell pool upon AR
As we found B cells abundantly present in the vast majority of biopsies at time of AR, we assessed whether we could find any indirect evidence for the involvement of B cells derived from peripheral blood (flow cytometry gating strategy depicted in Fig. 2a) . In both patients with AR and controls there was a slight, but significant increase in the relative level of CD19 + B cells at time of hospital discharge, which normalized upon the final time-point analysed (Fig. 2b) . We then determined the percentages of switched memory, unswitched memory and naive B cells in the peripheral blood at the aforementioned time-points. Whereas in stable patients the relative levels of naive and memory B cells within the total B cell population remained constant after transplantation at the discharge time-point, as well as the follow-up time-point, we observed a strong decrease in the relative level of memory B cells at time of AR (pre-transplant versus AR, P = 0·0051, discharge versus AR, P = 0·0006), coinciding with a relative increase in the level of naive B cells (pretransplant versus AR, P = 0·027, discharge versus AR, P = 0·0015, Fig. 2c,d ).
To corroborate these findings, we also performed analysis on naive and memory B cell compartments using IgD and CD38 (Bm1-Bm5 classification) and IgD with IgM (double-negative cells representing class-switched memory B cells), and found similar results (Supporting information, Fig. S2 ).
AR is accompanied by a change in ratio of IgM-and IgG-producing B cells
We further validated our findings on peripheral B cell phenotype changes during AR by gene expression analysis on isolated B cells from peripheral blood. In line with the flow cytometry data, we observed a decrease in the level of IgG expression within the total B cell population at time of AR (Fig. 3b) compared to the discharge timepoint (P = 0·0051), leading to an increase in the ratio of IgM over IgG transcripts (P = 0·0243, data not shown). No differences were found in IgM expression levels (Fig. 3a) for patients with AR, or in IgM and IgG expression levels for stable patients (Fig. 3a,b) . When we polyclonally activated isolated B cells for 6 days using a CD40-based activation cocktail, B cells from both patient groups at all time-points showed similar proliferative responses (Fig. 3c) . Furthermore, no differences in the level of CD25 expression after activation were visible (data not shown). After activation we observed a significant increase in the ratio of cells producing IgM over those producing IgG at time of AR (pretransplant versus AR, P = 0·0093, discharge versus AR, P = 0·0051, Fig. 3d ) by ELISPOT. We also observed an increase in the IgM over IgG spot ratio in the stable patient cohort in the follow-up sample (discharge versus follow-up, P = 0·0099), albeit less profound.
Donor-specific antibodies and C4d staining in biopsies
We next investigated whether the B cells during AR were contributing to DSA production by differentiation towards antibody producing plasma cells. De-novo DSA were detected in the serum of four of 18 patients at time of AR (22%) and in one of 22 (5%) stable patients at the follow-up time-point. Strikingly, all DSA were directed at mismatched HLA-DQ antigens (one patient also against mismatched DR). Although circulating DSA were more often present in patients in the AR group, C4d positivity was found in none of the biopsies (data not shown).
B cells may interact with T cells in the graft
We analysed CD3 gene expression in AR biopsies, and found high mRNA expression levels compared to protocol biopsies (P = 0·0002) and biopsies showing ATN (P = 0·0012, Fig. 4a, left panel) . We found a strong correlation between CD3 and MS4A1 transcripts (Spearman's ρ = 0·86, P < 0·0001), indicating that the level of infiltrating B cells was proportional to that of T cells (Fig. 4a,  right panel) . As ectopic lymphoid structures have been shown to develop through local production of several chemokines such as CXCL13, we determined gene expression levels of CXCL13, as well as its ligand C-X-C motif chemokine receptor 5 (CXCR5). CXCL13 gene expression was significantly higher in AR biopsies compared to protocol biopsies (P = 0·0021) and biopsies showing ATN (P = 0·0006, Fig. 4b , left panel). Similarly, CXCR5 was elevated in AR biopsies compared to protocol biopsies (P = 0·0003) and biopsies showing ATN (P = 0·0006, Fig. 4b , centre panel). MS4A1 gene expression correlated strongly with CXCR5 (Spearman's ρ = 0.91, P < 0·0001, data not shown), as well as with CXCL13 (Spearman's ρ = 0·79, P < 0·0001, Fig. 4c, left panel) . B cell activating factor (BAFF), an important B cell survival factor produced by dendritic cells in germinal centres, was significantly more highly expressed in AR biopsies compared to protocol biopsies (P = 0·0003) and biopsies showing ATN (P = 0·0041, Fig. 4b, right panel) . The expression levels of BAFF and CXCL13 correlated highly with each other (Spearman's ρ = 0·78, P < 0·0001, Fig. 4c , right panel).
Discussion
In this study, we have investigated graft infiltrating B cells as well as peripheral blood B cells in kidney transplant recipients at time of AR. We found B cells abundantly present in the graft at time of AR, accompanied by a change in the peripheral blood B cell subset distribution. While these findings stand by themselves, they are suggestive for a role of B cells in acute T cell-mediated rejection.
Infiltration of B cells at the time of AR has been reported previously, albeit with conflicting data on whether AR episodes with B cell infiltrates are more resistant to steroid treatment and result in inferior graft survival [10] [11] [12] [13] [25] [26] [27] [28] . Interestingly, and in concert with a recent study [14] , in our cohort the majority of biopsies taken at time of AR showed signs of B cell infiltration. This infiltration is not limited to B cells, as we observed a strong correlation with infiltrating T cells. High expression of CXCL13 and CXCR5 in the graft are suggestive for a chemokineinduced homing of both CXCR5 + B cells and T cells to the graft [15, 29, 30] . Follicular helper T cells (Tfh) are characterized by expression of CXCR5, and pivotal for germinal centre formation. The formation of ectopic lymphoid structures has been described at sites of chronic inflammation during autoimmunity [31] [32] [33] [34] [35] as well as in various forms of renal inflammation [36] . Similarly, in both mouse and human organ transplants, chronic rejection has been associated with the formation of ectopic lymphoid structures [37] [38] [39] , in which T cells can be primed to become effector and memory T cells [40] . In a study using cell distance mapping, Liarski and colleagues provided evidence for cognate interaction between Tfh cells and B cells in inflamed human renal tissue, including renal biopsies taken at time of AR [41] . Additionally, we found elevated levels of BAFF gene expression in the graft, which is in concert with data on B cell infiltrates during chronic rejection [39] . Interestingly, the combination of CXCL13 and BAFF have been shown to preferentially lead to chemoattraction of memory B cells in in-vitro studies [42] . Formal proof of cognate T and B cell interaction in future studies will be required to further clarify the role of these cells in TCMR. Our data on the peripheral blood B cell subset distribution showed a shift towards a decreased percentage of memory B cells at time of AR. The intragraft B cell infiltrates suggest that B cells may home to the graft by chemokine-mediated signals. Unfortunately, the limitation of clinical samples did not allow us to establish formally whether these peripheral blood derived memory B cells home to the graft and give rise to the substantial B cell infiltrates we observed. Given the sheer number of B cells in the peripheral blood and the dramatic change in B cell subset distribution, homing to the graft only is unlikely, and additional homing to the secondary lymphoid organs seems a plausible scenario.
Interestingly, in a previous study, van de Berg et al. determined the B cell subset distribution in renal transplant recipients with stable graft function (n = 10) as well as subclinical (n = 10) or clinical AR (n = 10) at 6 months, 3 years and 5 years after transplantation, and found no detectable differences in B cell subsets, defined by CD27 and IgD expression [43] . Differences in timing after transplantation and immunosuppressive treatment may underlie these discordant results. While this study and ours both have used thawed PBMC for flow cytometric analysis, freezing and thawing may alter cell subset frequencies, which should be kept in mind when comparing to other studies.
The absence of C4d staining in the biopsies studied here are suggestive for an antibody-independent role of B cells, as has been suggested previously [10, 11] . As antibody-mediated rejection can occur in the absence of C4d staining in the biopsy [17] , we also determined the presence of circulating de-novo DSA. Partially, DSA may have been involved in the rejection cases studied, as 22% of patients with AR showed DSA against mismatched HLA-DQ antigens. The prevalence of DSA against HLA-DQ is not surprising, as this is the most frequent DSA reported after transplantation [44] . However, while DSA were found more frequently in the AR group, the majority of patients with AR did not show de-novo circulating DSA. Moreover, no correlation between the presence of de-novo DSA and the extent of B cell infiltration in biopsies was observed (data not shown).
There is increasing evidence for antibody-independent functions of B cells in the setting of organ transplantation, such as antigen presentation and immune regulation. While the current study is limited by its retrospective nature and the inability to formally link the observations in the graft and the peripheral blood, our data contribute to the notion that B cells may be involved in cellular rejection events, and they warrant further research on the interaction of B cells and T cells in these processes.
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